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Abstract
Experimental study of synthetic jet produced by pulsed direct current (DC) discharge is presented. High velocity jet is acti-
vated electro-thermally by high frequency pulsed DC discharge in small cavity. A cavity of 2.38 mm diameter cylinder bounded 
by circular electrode is made in a ceramic plate and a small orifice of 1.78 mm diameter is drilled in the middle of cavity. High
frequency pulsed DC discharge instantaneously heats air in the cavity and produces high velocity jet at the exit of the orifice.
Schlieren imaging at high framing rate of 100 kHz reveals the presence of supersonic precursor shock followed by the jet emerg-
ing from the orifice. The jet velocity reaches as high as about 300 m/s. Jet with smaller cavity volume produces lesser effect and
jet velocity reaches maximum at certain cavity volume with given discharge current and orifice size. As duty time of pulse 
increases from 5 to 20 Ps at fixed frequency of 5 kHz, the jet velocity also increases and becomes nearly constant with further 
increase in duty time. At fixed duty time of 20 Ps, higher frequency pulsing of 10 kHz produces degradation of the jet as the 
discharge pulse continues. The jet developed in this study is demonstrated to be strong enough to penetrate deep into supersonic
boundary layer and to produce a bow shock when the jet is issued into Mach 3 supersonic flow. 
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1. Introduction1
The use of plasma in aerodynamic applications has 
been a great interest in recent years and has shown 
many attractive examples. A major benefit to use 
plasma in flow actuation is that plasma has a unique 
approach to create direct body force in bulk gas and 
transfer momentum to the gas at high bandwidth 
without having moving parts. Dielectric-barrier dis-
charges (DBD) have shown a good application of flow 
actuation such as in flow separation control[1-2]. Co-
rona discharge[3] has also shown to be as effective as 
DBD actuators in low-speed flow applications. These 
actuators which utilize electro-hydrodynamic (EHD) 
effect have low induced flow velocity of typically less 
than 10 m/s. In high-speed flows, fast actuation feature 
of plasma becomes a great advantage. The previous 
research[4] has shown that flow actuation by direct cur-
rent (DC) plasma can be possible at a time scale of less 
than 100 Ps. Significant gas heating produced by fila-
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mentary arc discharge has shown to be effective to 
generate an oblique shock in Mach 1.7 flow[5]. Glow 
discharges in Mach 3[4] and Mach 5[6] flows have also 
shown to be as effective as arc discharge with lesser 
power requirement. This supersonic flow control by 
plasma is known to utilize gas heating as a primary 
source of actuation, yet recent work[6] claims a possi-
ble role of EHD forcing even in supersonic flow. 
As an alternative technique to surface discharges 
presented above where plasma forms near the surface 
and interacts directly with a flow, flow actuation can 
also be achieved by jet impinging on to a flow. Many 
different types of jets are currently under development 
such as combustion-driven jets[7] or diaphragm-driven 
jets[8-10]. These jets have typically low jet velocities 
and operate at low frequencies of the order of 100 Hz 
or slightly higher. Combustion-driven jets have a com-
plex mechanical system including fuel system and 
valves. Diaphragm-driven jets are limited by the 
movement of membrane and effective at certain reso-
nance frequency[8]. Among these jets, plasma-induced 
jets are attractive in which they have a simple geome-
try, scalable actuation authority and high bandwidth 
actuation. 
Synthetic jet produced by DBD discharge[11-12] has 
been reported recently. Again DBD synthetic jet util-Open access under CC BY-NC-ND license.
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izes EHD effect and this limits the maximum jet velo- 
city of only about 1 m/s. Recent work by B.Z. Cybyk,  
et al.[13] used a spark discharge in the cavity and pro-
duced jet issued from small orifice. In this technique 
plasma is used to heat a volume of gas, which issues 
into the flow in the form of a pulsed plasma jet. The jet 
velocity of about 100 m/s was achieved experimen-
tally[13]. However, similar jet velocity was also ob-
tained by piezoceramic diaphragm[8].
For these jets to be effective enough to interact with 
high momentum supersonic flow, the net momentum 
produced by plasma should be comparable with a su-
personic flow momentum. Typically jet velocity of 
about 200-300 m/s or higher is desired. In this work, a 
synthetic jet using pulsed DC discharge with simpler 
geometry is studied for the use in supersonic flow con-
trol applications such as shock-boundary layer interac-
tion, controlling turbulent coherent structures, and 
turbulent mixing. Development of high frequency 
pulsed DC discharge will be presented. Schlieren im-
aging will be used to characterize the performance of 
jet produced by pulsed DC discharge under various 
conditions. Also interaction of pulsed jet with oncom-
ing Mach 3 supersonic flow will be presented to de- 
monstrate the capability of controlling supersonic 
boundary layer. 
2. Experimental Setup 
2.1. Electrical arrangement 
Fig.1 illustrates overall schematic of experimental 
setup for a study of synthetic jet produced by pulsed 
DC discharge. Discharge power is provided by high 
voltage DC power supply (Spellman PN1200) which is 
rated to provide voltage and current up to 2 kV and  
Fig.1  Overall schematic of experimental setup and detailed 
drawing of cavity for a synthetic jet produced by 
pulsed DC discharge in a cavity.
600 mA, respectively. High voltage capacitor (2 kV, 
0.22 PF) charged by the power supply provides high 
current of several Amperes to the anode switched by 
pulse circuit. Cathode is connected to ballast resistor 
which can be adjusted from zero to several kilo Ohm 
to control discharge current across electrodes      
and discharging time scale of capacitor. The discharge 
current is measured across 10 : resistor downstream     
of metal-oxide-semiconductor field-effect transistor 
(MOSFET) source using oscilloscope (Tektronics, 
TDS-3054B). DC supply power is pulsed by high fre-
quency pulse generator built in-house using a timing 
circuit and MOSFET switch. Frequency and duty cycle 
of the pulse can be adjusted. 
When MOSFET switch closes, high voltage capaci-
tor discharges and plasma is generated in the cavity. 
Air in the cavity gets heated by the plasma and creates 
a rapid expansion of air to produce high velocity jet 
through the orifice. When MOSFET switch opens, the 
plasma is turned off, the capacitor is charged again and 
the cavity gets replenished. High current and high fre-
quency loading across MOSFET switch produce sig-
nificant heating and hence require enough cooling with 
a fin to avoid damages to electronic parts including 
MOSFET itself. Due to high frequency operation, an 
appropriate electro-magnetic (EM) shielding of power 
cables and pulse circuits is required to avoid a false 
triggering of the circuit. Enough distance between 
power cable and pulse circuit is preferred. Fig.2 shows 
typical waveforms of the trigger signal and the dis-
charge current pulsed at 5 kHz with 20 Ps duty cycle. 
As shown in Fig.2, repetitive discharge current pulses 
could be obtained at high frequency by pulse generator 
built in-house without any EM interference. 
Fig.2  Trigger signal and discharge current waveforms 
pulsed by high frequency pulse generator built 
in-house.
2.2. Jet cavity 
Jet cavity is made of ceramic block as shown in  
Fig.1. A cylindrical hole of 2.38 mm in diameter is 
drilled through ceramic piece and two steel electrodes 
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are inserted from both ends. Spacing between elec-
trodes is fixed at a desired distance so that the cavity 
bounded by electrodes can provide a specified volume. 
A small orifice of 1.78 mm in diameter is made in the 
middle of cavity through which high-speed jet emerges 
upon generation of pulsed discharge in the cavity. 
Various orifice diameters are tested to study their effect 
on jet velocity. 
2.3. Schlieren imaging 
The induced synthetic jet is visualized by laser 
schlieren imaging. He-Ne laser with iris is used as a 
light source and neutral filter is placed before knife 
edge to increase the sensitivity of schlieren. High 
speed CMOS camera (Photron FASTCAM-Ultima 
APX) takes schlieren images at 100 kHz frame rate 
with 4 Ps shutter speed to capture the evolution of the 
jet and precursor shock. Pixel resolution of the camera 
at this framing rate is 128 pixelu16 pixel and its spatial 
resolution is about 24 mmu3 mm. Time delay between 
discharge pulse and imaging can be adjusted depend-
ing on jet speed. The jet velocity is estimated by 
measuring the locations of the jet front between two 
consecutive image frames. Schlieren image of jet front 
in each frame is fitted with Gaussian profile and the 
peak to peak distance is taken as the distance of jet 
travelling between each two neighbor frames. 
3. Presentation of Results 
3.1. Supersonic synthetic jet 
For studying jet characteristics, laser schlieren im-
aging is made across acrylic plate chamber in which 
the jet cavity is placed in order to provide a desired air 
pressure. The chamber pressure is set between 6.67 
kPa and 20.00 kPa primarily for a better visualization 
of the flow structure obtained by schlieren imaging. At 
low pressure of about 2.67 kPa which is an equivalent 
static pressure of Mach 3 supersonic flow, jet structure 
is not easily visualized by schlieren imaging due to 
low gas density and small jet size. 
Fig.3 presents time-resolved frame-by-frame schli- 
eren images of plasma induced synthetic jet as it issues 
from the orifice. Images are taken at 100 kHz frame 
rate, resulting in time between successive frames being 
10 Ps. Pressure is set at 140 Torr (1 Torr = 133.322 
Pa). Inter-electrode gap and exit lengths of the orifice 
are 5.08 mm and 1.78 mm, respectively. The average 
power deposited in this case is about 50 W. As shown 
in Fig.3, the precursor shocks are clearly detected in 
the first seven frames as a dark band which is followed 
by the bulk jet that propagates slower than the precur-
sor shock. It is not shown in Fig.3 that expansion 
waves following the bulk jet are also visible. Note that 
the jet experiences significant three-dimensional re-
lieving effect as soon as it issues from the orifice and 
replenishment of cavity follows soon after the jet 
leaves the exit. Unlike mechanically activated jets such 
as a diaphragm, replenishment occurs by natural con-
vection rather than forced pressurization. It can be 
estimated from Fig.3 that the speed of precursor shock 
is slightly higher than sonic speed. 
Fig.3  Time sequence of schlieren images of plasma in-
duced jet imaged at 100 kHz frame rate.  
The performance of the jet including the presence of 
precursor shock is found to be strongly dependent on 
the volume of the cavity and the orifice size. For a 
given orifice diameter, a sonic jet is produced only 
when the distance between the electrodes is bigger 
than a certain threshold value. For example, the pre-
cursor shock is detected with 1.78 mm in orifice di-
ameter only when inter-electrode distance is bigger 
than approximately 3.81 mm. The electrode spacing 
obviously influences the volume of gas heated inside 
the cavity. Consistently, the exit velocity of the jet is 
observed to become lower when the fraction of the 
cavity volume occupied by the discharge is decreased. 
It can be inferred that with low cavity volume, the exit 
is not choked due to small mass outflow through the 
orifice. When mass flow reaches its value for choking 
the exit as electrode spacing increases, further increase 
of volume does not increase the exit velocity. This is 
observed in the experiment with electrode spacing of 
5.08 mm and 7.62 mm for which the jet velocities are 
similar to each other. Under these circumstances, 
higher power input is required to additionally heat 
larger volume of gas and hence to produce higher ve-
locity jet. Note that in diaphragm jet[8], jet velocity is 
reduced with bigger cavity size. In plasma-induced jet, 
the gas discharge is capable of heating the entire cavity 
volume in a short time, while mechanical diaphragm 
transfers momentum via a propagation of compressive 
wave which makes actuation less effective as cavity 
volume increases. 
3.2. Jet velocity characteristics 
Basically this plasma jet operates at pulsed mode 
due to a charging-discharging mechanism of both the 
cavity and the capacitor. Operating the jet at high fre-
quency of order or higher is essential when, for exam-
ple, controlling a supersonic boundary layer is desired. 
Fig.4 presents the magnitude of jet velocity with vari-
ous duty cycles of the pulse at fixed frequency of 5 
kHz and discharge currents of 1.4 A and 2.5 A. Noting 
that the jet decelerates as it leaves the cavity, actual  
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Fig.4  Jet velocity magnitude vs pulse duty cycle at fixed 
frequency of 5 kHz.
peak jet velocities are slightly higher than those pre-
sented in Fig.4. 
As shown in Fig.4, the jet velocity is about 
120-150 m/s at low duty cycle of about 5 Ps which 
corresponds to 2.5% of the time between pulses. As 
duty cycle increases, the jet velocity increases up to 
200 m/s and becomes nearly invariant above that. At 
low duty cycles, discharge-on time is relatively too 
short to energize entire cavity volume and hence pro-
duces less mass outflow resulting in a low jet velocity. 
Above certain threshold duty cycle, the entire cavity 
can be energized by the discharge at a given power and 
hence further increase in duty time does not increase 
the jet velocity. This observation is also confirmed at 1 
kHz pulse frequency where the jet velocity reaches 
maximum at 20 Ps of duty time and exhibits similar 
value at 25 Ps.
At much higher duty cycles, the jet tends to get mis-
fired. At each pulse, average charge stored in the ca-
pacitor is drained completely within a single pulse and 
requires certain time to get restored before the next 
pulse starts. As duty cycle increases compared to pulse 
repetition time, this recovery time of capacitor be-
comes too short. On the other hand, at higher fre-
quency of 10 kHz even with low duty cycle, succes-
sive activation of the cavity with duty time of 20 Ps
(20% duty cycle) weakens jet as pulse train continues 
until jet is no longer detected even though the dis-
charge still strikes. The jet reissues again after several 
pulses. This is because the cavity is not recovered to its 
initial state before the next pulse starts due to the re-
duced time for replenishment of air. Separate run at 
8 kHz with 7 Ps duty time (5.6% duty cycle) does not 
show any degradation of jet as pulse repeats continu-
ously, verifying that longer time of replenishment en-
ables the cavity to recover close to its initial state 
within a single pulse. 
From the above observations we can infer that in 
order to increase jet velocity above certain limit, the 
dimensions, either the size of cavity or exit diameter, 
should be changed at fixed power since changing fre-
quency or duty cycle has upper limits in producing a 
bigger effect. Another way to increase the effect of jet 
at fixed dimension and pulse frequency is to increase 
the discharge current (and thereby the amount of ther-
mal energy delivered to the gas). Fig.5 shows the ef-
fect of discharge current on peak jet velocity. As 
shown in Fig.5, jet velocity increases as the discharge 
current increases and reaches maximum at certain 
threshold current with decreasing effect above that. An 
increase in the discharge current produces higher jet 
velocity owing to higher stagnation pressure produced 
by gas heating effect of the discharge. Above a certain 
threshold value, the discharge seems less effective in 
storing energy into translational mode; rather, it dis-
tributes its input power into vibrational or electronic 
mode. Further explanations may require more detailed 
study using numerical simulation. 
Fig.5  Jet velocity magnitude with increasing discharge 
current at 1 kHz with 46 Ps duty time.
3.3. Interaction with supersonic flow 
Preliminary test to demonstrate a capability of the 
jet for the use of supersonic flow control is conducted 
in a Mach 3 supersonic wind tunnel. The pulsed syn-
thetic jet is injected into a Mach 3 flow and the inter-
action with oncoming supersonic flow evidenced by 
the appearance of shock is visualized by laser schlieren 
at 10 kHz. Fig.6 shows schlieren image of supersonic 
flow field interacting with the jet. The free stream 
static pressure is approximately 4.67 kPa. The shock 
produced by the transverse jet is clearly visible in 
Fig.6. It is also shown that the jet penetrates a signifi-
cant distance into the boundary layer, which can be 
inferred by a bow shock right above the jet exit. 
Fig.6  Schlieren image of interaction between plasma ge- 
nerated jet and oncoming supersonic flow.
From Fig.3, we know that the jet is present for many 
frames (at least for 100 Ps) in stagnant air once the 
discharge is turned on. The effectiveness of the jet on 
supersonic flow at different frames within a single 
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pulse is also visualized by setting different time delay 
between discharge-on time and schlieren imaging. The 
results turn out that the jet becomes effective at about 
10 Ps after the discharge is turned on, which is similar 
to computational result of velocity profile presented in 
Ref.[14]. The jet remains effective for at least 20 Ps
long producing a visible weak shock. Also the jet is 
most effective when it reaches a certain position which 
is above subsonic region in the supersonic boundary 
layer. This indicates the jet produced by pulsed DC 
discharge in this study is strong enough to perturb 
deep into free stream above supersonic boundary layer. 
The next research will be focused on extensive studies 
about the interaction between jet and supersonic flow. 
4. Conclusions 
Electro-thermally activated supersonic jet is created 
by pulsed DC discharge inside a small cavity. Laser 
schlieren image shows the pulsed DC discharge in a 
small cavity produces a precursor shock followed by 
high-speed jet issued from the orifice. Higher current 
discharge produces higher jet velocity. Jet velocity as 
high as 300 m/s is achieved. The magnitude of jet ve-
locity increases as duty cycle of the pulse increases 
and reaches maximam at certain threshold duty time. 
This is related to the ratio of cavity volume and orifice 
size. At much higher duty cycle, the discharge be-
comes more likely to get misfired due to a reduced 
time for charging the capacitor. At higher frequency of 
10 kHz with fixed duty time, the jet exhibits degrada-
tion (weakened) as the discharge pulse continues. This 
is related to the replenishment of cavity between 
pulses. Schlieren image of Mach 3 supersonic flow 
interacting with the jet shows that the emergence of 
bow shock produced by the jet demonstrates the capa-
bility of controlling a supersonic flow boundary layer. 
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